ABSTRACT
Introduction
Ribonucleic acid-protein interactions are essential for the regulation of many important biological processes such as translation, RNA splicing and transcription [1] [2] [3] An important example of such an interaction is involved in the regulation of human immunodeficiency virus type 1 (HIV-1). TAR RNA (trans activation responsive region), a 59 base stem-loop structure located at the 5'-end of the nascent viral transcripts that interacts with Tat protein (an 86 amino acid protein) and regulates the transcription level of HIV 4, 5 . The cooperative interaction of Tat protein along with its cellular cofactor, transactivating elongation factor-b (TEFb) with TAR RNA recruits and activates the CDK9 kinase which phosphorylates the RNA polymerase II (RNAP II) and significantly enhances the processivity of RNAP II 3, 6, 7 . HIV transcription in virus-infected cells is strongly triggered by the interaction between Tat protein and its cognate TAR RNA. Because of the key role played by the TAR RNA in HIV-1 viral proliferation, the structure and dynamics of this RNA stem-loop has been studied extensively 8 . TAR RNA structure is comprised of two stems (upper and lower), a three nucleotide bulge region, and a hairpin. The upper stem and lower stems move relative to one another, bending at the tri-nucleotide bulge loop "joint" (U23, C24, and U25), sampling many conformations in solution 9 . An arginine-rich domain of Tat protein interacts with the tri-nucleotide bulge of TAR RNA 1, 10, 11 , attenuating the motion of the TAR stem-loop and causing a substantial enhancement in the viral transcript level (~100 fold)
2 . The amenable size, modular nature, and biological and medical import of the TAR RNA stem-loop has made it a popular target for ligand binding studies in recent years.
Given the ubiquity of RNA-mediated biological processes, molecules that can selectivity bind and regulate the function of RNA have enormous potential for applications in biotechnology and therapeutics 12 . Although considerable effort in utilizing RNA as a drug target, discovery of molecules with desirable drug-like properties remains challenging and is the focus of intense investigation 13 . RNA is often characterized by a variety of secondary structures including, hairpins, bulges, stems, loops, pseudo-knots, and turns 12 . Folding of these local secondary structural elements gives rise to unique tertiary structures unique to RNA, providing the potential for RNA to be targeted specifically 14 .
Targeting these three-dimensional RNA structures by small molecules has been well demonstrated by rRNA binding to aminoglycosides, macrolide, oxazolidinone, and tetracycline antibiotics [15] [16] [17] [18] [19] [20] . In addition this approach has been extended to the disruption of TAR-Tat interactions with small molecules 13 including intercalators 21 (ethidium bromide and proflavine), DNA minor groove binders 22 (Hoechst 33258 and DAPI), phenothiazine 23 , argininamide 24 , peptides 25 , peptidomimetics 26 , aminoglycosides 27, 28 , and cyclic polypeptides 29 . Aminoglycosides are naturally occurring amino sugars that bind a variety of RNA structures 16 . In the past few years, a number of aminoglycoside conjugates have been synthesized to achieve higher binding affinity and specificity towards RNA- 16, [30] [31] [32] [33] [34] and DNA-based targets [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] , such as duplex 53 , triplex [54] [55] [56] , and quadruplex structures 37, 38 . Aminoglycoside binding to TAR RNA has previously been shown to be more than a simple electrostatic attraction via of ammonium groups; for example, streptomycin (+3 charge) is 10-fold less effective than neomycin (six amino groups) but is about 5-fold more effective than the more cationic gentamicin (+5 charge) in inhibiting Tat binding 57 . This data supports the notion that neomycin displays a conformational preference for certain RNA structures, such that the placement of some of these amino groups is more important that the total number of such groups. However, small molecules such as neomycin have been subject to selectivity issues 13, 24, 25, 27, [58] [59] [60] . We have previously detailed the binding of neomycin conjugates including neomycin dimers, synthesized using click chemistry, to wildtype TAR RNA 28, 61 . In addressing the selectivity issues and further expanding the potential of modified amino sugars, we report the selectivity of neomycin dimers synthesized using click chemistry with different linker functionalities to four TAR RNA mutants (figure 1) with different conformations. These constructs were designed with the intent to eventually distinguish between ligand interactions with the various TAR RNA binding domains: the tri-nucleotide bulge, the hairpin loop, and the helical stem regions, versus another. Our results show that the mutant TAR RNAs adopt different conformations, and there is differential binding of these TAR RNA conformations based on linker functionality and length of the neomycin dimers. In addition, the dependence of neomycin's specificity to different RNA conformations is also investigated. These findings further expand the potential of modified amino sugars in the recognition and specificity of biologically relevant RNA conformations.
Results and Discussion CD Spectroscopy Studies for Characterizing Wildtype and Mutant TAR RNA Conformational Differences CD spectroscopy has been shown to be a powerful tool for monitoring and characterizing the binding interactions between macromolecules (nucleic acids and proteins) and ligands 40, 41 . CD spectroscopy can provide useful insight into the comparative change in the conformation of the macromolecule 40 . In addition, identifying conformational differences between target macromolecules can be accomplished through the use of CD spectroscopy.
The CD spectrum of wildtype TAR RNA features a strong positive peak at 265 nm and a strong negative peak at 210 nm. In addition, there is a negative peak observed at ~240 nm, and is indicative of an A-form RNA conformation. Previous CD studies of the Tat/TAR RNA complex revealed a substantial change in the structure of wildtype TAR RNA induced by the Tat protein.
During the Tat-TAR RNA binding interaction there is a slight redshift observed at 265 nm. Additionally, the CD intensity of TAR RNA at 265 nm decreases by 15% 62 . The positive CD peak at 265 nm is a signature peak for the tri-nucleotide bulge region (UCU) and has been attributed to the arrangement of base stacking in the bulge region 30 . During the Tat-TAR RNA interaction, the Tat protein binds at its primary binding site, which is the tri-nucleotide bulge region, and modifies the arrangement of base stacking in the bulge region. The binding interaction was monitored by a decrease in the CD intensity at 265 nm. In addition, there is a marginal redshift observed at 265 nm, indicative of the small distortion of bulge structure.
CD titrations of neomycin into TAR RNA have demonstrated that neomycin induces a change in TAR RNA conformation upon binding that is distinct from the conformational changes induced by the Tat protein 30 . Previously we have reported neomycin dimers cause a gradual increase in CD intensity of the negative peak at 210 nm and 240 nm, with no change in CD intensity to the positive peak at 265 nm, only observing a slight redshift in this region 28 . The functionality of the neomycin dimer linker region (figure 2) also plays a role in the structural changes induced upon binding to wildtype TAR RNA. To illustrate how linker functionality influences structural changes we examined the changes seen with two neomycin dimers having equal linker length but different functionalities, DPA51 and DPA65 with wildtype TAR RNA. Surprisingly, the neomycin dimers DPA51 and DPA65 had different effects on the conformation of wildtype TAR RNA. To better compare these regions of conformational change, we plotted the change in the wildtype TAR RNA CD spectra (∆CD) induced by neomycin dimers DPA51 and DPA65 ( figure  3 ). The changes seen in the 210-220 nm region were the same for both DPA51 and DPA65. Interestingly, the changes seen in the 225-300 nm range were different for DPA51and DPA65. Most notably DPA65 showed no redshift, but showed increased intensity in the 265 nm region; these findings were not seen with DPA51, the Tat protein, or neomycin 28, 62, 63 . Therefore, we show that neomycin dimers can bind the Tat protein binding site of wildtype TAR RNA and depending on the linker functionality alter the conformation differently than observed from the TAR-Tat interaction. This finding reveals the possibility that differences in neomycin dimer linkers could show selectivity for different conformations of TAR RNA.
To further explore the recognition of TAR RNA conformations by neomycin dimers, CD spectroscopy was employed to detect any conformational deviations of four TAR RNA mutants from the wildtype TAR RNA conformation (figure 4). In addition, the conformational changes induced by neomycin dimer DPA51 were compared with all TAR RNA constructs (figure 5 and 6). Comparisons of each TAR RNA mutant to wildtype TAR RNA CD spectra revealed that each TAR RNA mutant adopts a conformation that has different local and/or global architectural features than that of the wildtype TAR RNA.
The conformational effect of the TAR RNA mutations is not limited to the region that is associated with the tri-nucleotide bulge, except in the case of the U3 bulge mutant. The U3 bulge mutant, which has a single base pair substitution in the bulge region (C to U), showed a deviation from wildtype TAR RNA conformation in the spectral region associated with the tri-nucleotide bulge. This decrease in CD intensity of the positive 265 nm peak of about 25% is similar to the change in CD signal intensity observed upon Tat binding to wildtype TAR, although interestingly, the single base substitution has a more pronounced effect on base stacking.
Complete removal of the bulge region of TAR RNA showed both a decrease in CD intensity in the positive 265 nm peak and an increase in CD intensity of the negative peak at 210 nm.
Conformational effects of TAR RNA not only arise from alterations in the bulge region, as mutations in the loop region are also observed to alter the RNA structure. Evidence of this fact is shown with the tetraloop TAR RNA mutant, in which a two base deletion in the loop region results in a four base loop. The tetraloop TAR RNA mutant displayed a decrease in CD intensity in the positive 265 nm peak of ~15%, similar to the change observed upon Tat protein binding, although the decrease in CD intensity in this region is accompanied with a slight redshift not seen with Tat protein binding. In addition, the negative peak at 210 nm of the tetraloop TAR RNA mutant displayed a decrease in CD intensity of ~25% but lacked the distinctive red shift observed for the 265 nm peak.
When the bulgeless and tetraloop mutations are compounded, the conformational effects differ from those observed for the bulgeless and tetraloop mutantations alone. The bulgeless tetraloop TAR RNA mutant's negative peak at 210 increased in CD intensity, similar to the effect seen by the bulgeless TAR RNA mutant. The positive peak at 265 nm the bulgeless tetraloop TAR RNA mutant showed a decrease in CD intensity similar to the degree of change observed for the tetraloop TAR RNA mutant, but lacked the redshift observed with the tetraloop TAR RNA mutant.
The effect of neomycin dimers on the conformation of the TAR RNA mutants was examined with neomycin dimer DPA51 (figure 5 and 6). Neomycin dimer DPA51 induced a redshift in all TAR RNA mutants. Although a slight redshift was observed with DPA51 and wildtype TAR RNA this redshift effect is much greater with the TAR RNA mutants. In the presence of DPA51 all TAR RNA mutants showed an increase in CD intensity in the 260-270 nm range that was greater than observed with wildtype TAR RNA. Interestingly, removal of the bulge region resulted in greater intensity increases in the 260-270 nm range. All the TAR RNA mutants showed less change in the 210-220 nm range compared to wildtype TAR RNA except the U3 bulge TAR RNA, which displayed the same degree of change in this range as wildtype TAR. Although the TAR RNA mutants adopt a different conformations, we show how neomycin dimers can induce unique conformational changes in each TAR RNA mutant that are distinctly different than the changes seen with wildtype TAR RNA.
The ability to detect such differences in CD spectra between the wildtype and mutant TAR RNA structures clearly suggests that these TAR RNA mutants adopt distinctly different conformations than wildtype TAR RNA, at least locally at the mutated bulge and loop regions of the TAR RNA. However, it has been observed that small alterations in the TAR bulge sequence may alter the global conformation and dynamics of the molecule. For example, studies by Al-Hashimi and co-workers have shown that altering the identity of TAR bulge nucleotides results in drastic changes in the angle between the two helical stem-loops as well as the dynamics between them 64 . Importantly, the conformational differences between wildtype TAR RNA and TAR RNA mutants and the finding that neomycin dimers induce conformational changes in the TAR RNA mutants provides an excellent platform to investigate the structure-activity relationship of modified amino sugar nucleic acid-binding ligands. Further characterization of the neomycin dimers with the various TAR RNA mutants will reveal the differences in the linker region between the neomycin units (figure 2) that contribute to selectivity of these different RNA structures (figure 1).
Influence of Neomycin and Neomycin Dimers on Thermal Stability of TAR RNA Conformations
Thermal stability has been an effective measure to study the interaction of the Tat protein-and TAR RNA-binding ligands. Tat protein-induced thermal stability was observed to be salt dependent, with a 8. To explore the interactions between neomycin and neomycin dimers with TAR RNA mutants, UV thermal denaturation were conducted to determine both the effect of the TAR RNA mutations on the thermal denaturation, and if neomycin or neomycin dimers induce thermal stability (figure 7). UV thermal denaturation studies were conducted with the TAR RNA mutants in the absence of ligand, with one equivalent of the neomycin dimer DPA51, 1 equivalent neomycin, and 2 equivalents neomycin.
Results from the UV thermal denaturation experiments of the TAR RNA mutants in the absence of ligand revealed that the mutations to TAR RNA alter its thermal stability ( Table 1) . Removal of the bulge region of TAR RNA had the most influence of all the mutations on increasing the thermal stability. These observations provide evidence that the bulge region of TAR RNA alone greatly decreases the thermal stability. Interestingly, we observe a marked increase in melting temperature with the U3 mutant, as compared with wildtype TAR. Also worth noting is that the melting temperature for the bulgeless tetraloop is only slightly higher (by three degrees Celsius) than that of the bulgeless TAR.
Neomycin dimer DPA51 was observed to increase the thermal stability of all TAR RNA mutants, but to a lesser degree than the increase in thermal stability observed with wildtype TAR RNA ( Table 1) . Neomycin conferred very little increase in thermal stability for all TAR RNA mutants at one and two equivalents, which is consistent with the observations of neomycin with wildtype TAR RNA. Taken together, the thermal denaturation studies show that while the TAR RNA mutants display differences in thermal stability in the absence of ligand, neomycin dimers increase the thermal stability of all mutants, but to a lesser extent than observed for wildtype TAR RNA. In addition, neomycin monomer at one and two equivalents only confers very little increase in thermal stability, a similar observation observed for wildtype TAR RNA.
Ethidium Bromide Displacement Assay for Characterizing the Binding of Neomycin and Neomycin to Wildtype and Mutant TAR RNA Conformations
To further investigate the binding between neomycin and neomycin dimers, ethidium bromide displacement assays were performed. The affinities of neomycin dimers were observed to be directly proportional to the amount of ethidium bromide displaced from TAR RNA, and are reflected in the IC 50 values (concentration of ligand required to displace 50% ethidium bromide) ( Table 2 ). The displacement of ethidium bromide as a function of neomycin dimer concentration results in a saturating binding plot from which the binding stoichiometry may be deduced ( Figure  8 ). Since neomycin dimers have been shown to have a binding stoichiometry of 1:1 with wildtype TAR RNA, the ethidium bromide displacement titrations were used to obtain the association constant using Scatchard analysis (Figure 8) 65 . The slope of this plot allows for the determination of the association constants with the TAR RNA mutants ( Table 3 ).
The affinities of neomycin for the TAR RNA mutants maintaining the bulge region were lower than for the wildtype TAR RNA, although removal of the bulge region resulted in an increase of neomycin affinity. Surprisingly, TAR RNA mutants lacking the bulge region bind both neomycin and neomycin dimers with a stoichiometry of 1:1 (ligand:RNA). In contrast, TAR mutants maintaining the bulge region bind neomycin with a stoichiometry of 2:1 and neomycin dimers with a stoichiometry of 1:1, as observed with wildtype TAR RNA. Scatchard analysis was performed for the TAR RNA mutants lacking a bulge, revealing an association constant for neomycin in the low 10 7 M -1 range. This affinity of neomycin for TAR RNA mutants lacking a bulge region is higher than the previously reported micromolar affinity of neomycin for wildtype TAR RNA.
While neomycin shows increased affinity for TAR RNA mutants lacking the bulge region, when the bulge region is maintained, neomycin dimers show a distinctive advantage in binding compared to neomycin. This observation is relevant given that the bulge region of TAR RNA is required for Tat protein binding 66 . In addition, single base substitutions in the bulge region affect Tat protein binding 66 . The ability of neomycin dimers to recognize TAR RNA conformations in which the bulge region is maintained provides the conformational recognition necessary for inhibition of Tat protein binding. In addition, both the length and functionality of the neomycin dimer linker region have an effect on the affinities to the TAR RNA structures. Trends in affinity can be observed when comparing neomycin dimers with the same linker functionality but different lengths. Neomycin dimers DPA52, DPA54, and DPA56 have the same aliphatic linker functionality and differ only in their linker lengths of 7, 8, and 10 atoms, respectively. These three neomycin dimers show the same order of affinity to all TAR RNA structures with DPA52 having the highest affinity, followed by DPA56, and lastly DPA54. In addition, DPA58 and DPA60 also have the same linker functionality but differ in length by 4 atoms. Unlike the aliphatic linker neomycin dimers, DPA58 and DPA60 did not show the same trend in affinity for all TAR RNA structures. The affinity of DPA58 was higher for all the TAR RNA mutants, but DPA60 showed higher affinity for the wildtype TAR RNA. Based on linker length alone DPA60 showed selectivity for the wildtype TAR RNA over the TAR RNA mutants. These data demonstrate how linker length and functionality play a role in the recognition of TAR RNA structures. Generating multivalent amino sugars which display the same conformational recognition as target proteins but with increased affinities continues to highlight the potential for selective targeting of RNA structures by multivalent amino sugars.
Neomycin Dimer Binding Site on TAR RNA monitored by NMR Spectroscopy
Previous nuclear magnetic resonance (NMR) investigations of the wildtype TAR-neomycin interaction revealed that the intermolecular contacts are confined to the three nucleotide, U 3 -bulge and the minor groove of the lower stem 67 . To better understand the differences in association constants and TAR's binding surface of neomycin dimers, we monitored the observable H1 and H3 imino proton resonances that are diagnostic for hydrogen-bonded guanine and uracil bases, respectively, which are protected from rapid exchange with the solvent ( Figure  9 ).
In contrast to the U 3 -bulge TAR-neomycin complex 67 , the wildtype TAR-DPA51 complex adopts the slow exchange regime on the NMR timescale manifesting the higher affinity of neomycin dimers when compared to neomycin. While G21, U42 and G26 experience the most pronounced chemical shift differences (∆δ) in the fast exchanging U 3 -bulge TAR-neomycin complex, additional wildtype TAR imino resonances significantly change chemical shift as a function of increasing DPA51 concentration. Most notably, in good qualitative agreement with a 1:1 complex stoichiometry, at a molar ratio of 1.4:1.0 (DPA51:wildtype TAR) the imino resonances attributable to unbound TAR disappear. The DPA51-bound set of wildtype TAR imino resonances show the largest ∆δ values (δ bound -δ free ) for G28 and U38 (-0.068 and 0.092 ppm, respectively) followed by G21 and G26 (0.067 and -0.065 ppm, respectively) which are part of the previously identified neomycin binding interface ( Figure 9 ). Based on the binding interface mapping, the higher affinity of DPA51 towards the wildtype TAR RNA can be attributed to extensive contacts involving the upper stem that are not limited to the G26-C39 base pair neighboring the tri-nucleotide bulge.
While replacement of the wild-type apical loop with a stable UUCG-tetraloop may not significantly affect the structural dynamics at the TAR bulge 68 local structural rearrangements of the upper stem involving the G28-C37, A27-U38 and even G26-C39 base pair can be detected by comparing imino chemical shifts of tetraloop-and wildtype TAR ( Figure S5 .1) variants (∆δ = -0.054 (G28), 0.089(U38) and 0.011(G26) [ppm] ). The altered upper stem leads to reduced binding affinities (Table 3 ) which can also be observed when following the tetraloop TAR imino resonances as a function of increasing DPA51 concentrations ( Figure S5 .2). Based on similar or larger ∆δ values measured for e.g. G21 and G26, (0.127 and -0.099 ppm, respectively) the neomycin binding site is unaffected in the tetraloop TAR variant. However, the extended interface involving the upper stem appears impaired as exemplified by U38's reduced. ∆δ of merely 0.019 ppm thereby offering an explanation for the differential association constants of wildtype-and tetraloop TAR.
CONCLUSION
Neomycin dimers with variations in the linker region show different and selective binding to TAR RNA mutants that adopt different conformations. In addition, we show that differences in linker functionality of neomycin dimers induces different conformational changes in wildtype TAR RNA. The removal of the bulge region of TAR RNA (bulgeless and bulgeless tetraloop TAR RNA) eliminates the neomycin dimers' selective advantage over neomycin and in some cases neomycin shows higher affinity than the neomycin dimers to these bulgeless TAR RNA mutants. Also removal of the bulge region resulted in greater increases in CD intensity from neomycin dimer DPA51 binding than did wildtype TAR RNA and TAR RNA mutants retaining the bulge region. When the bulge region is maintained neomycin dimers have a clear advantage in binding over neomycin alone. For the TAR RNA mutants maintaining the bulge region, changes to either the bulge or the loop regions both result in a decrease in neomycin dimer binding affinity when compared to wildtype TAR RNA. This may be attributed to neomycin dimer interactions with the upper stem of TAR RNA, as observed by NMR spectroscopy. NMR studies also corroborate 1:1 neomycin dimer:TAR RNA complex stoichiometry extrapolated from FID assay data. The observed differences in neomycin dimer binding for the different TAR RNA mutants shows that different linkers results in different recognition of the mutant TAR RNA structures providing insight to the ability to design future neomycin dimers to selectively recognize certain RNA structures.
Experimental section
TAR RNA Preparation TAR RNA was purchased from Dharmacon, Inc. (Lafayette, CO) as stable 2`-ACE protected oligonucleotides, prior to use RNA was deprotected following the established 2`-ACE deprotection protocol. Deprotected RNA was suspended in 100 mM KCl, 10 mM SC, 0.5 mM EDTA, pH 6.8 and heated to 98 o C for 5 minutes, then cooled rapidly in ice bath for 15 minutes. This snap-cooling causes the RNA to adopt the kinetically favored hairpin rather than the thermodynamically favored duplexes.
To prepare TAR RNA samples for NMR studies, in vitro transcriptions with phage T7 polymerase from a linearized plasmid template were optimized and performed as described utilizing unlabeled NTPs (MP Biomedicals) 69, 70 . To resolve 3'-end heterogeneity, TAR transcripts incorporated cis-acting hammerhead ribozymes 71 . Self-cleaving of the phosphodiester bond occurs after the GUC ( Figure 5) 72 , resulting in a population of RNA transcripts with homogeneous 3'-ends. TAR transcripts were purified with a HiTrap Q (GE Healthcare), followed by a DNAPac PA200 column (Dionex). Purified RNA was annealed and equilibrated with NMR buffer (25 mM KCl, 10 mM sodium phosphate [pH 6.5], 500 µM EDTA (Ethylenediaminetetraacetic acid), 50 µM sodium azide, 9:1 H 2 O:D 2 O).
Circular Dichroism (CD) Spectroscopy
CD spectra samples (1.8 mL) of TAR RNA (4µM/strand or 2µM/strand) in 100 mM KCl, , 10 mM SC, 0.5 mM EDTA, pH 6.8. The CD spectra of TAR RNA samples in 1 cm path length quartz cuvettes were recorded as a function of wavelength from 325 nm to 200 nm at a scanning rate of 500 nm/min and a bandwidth of 1 nm at 20 o C. For CD spectra containing ligand, additions of concentrated ligand solution dissolved in 100 mM KCl, , 10 mM SC, 0.5 mM EDTA, pH 6.8 were added to the TAR RNA samples accounting for < 1% (v/v). All CD spectra were recorded on a Jasco J-810 spectropolarimeter equipped with a thermoelectrically controlled cuvette holder. CD Spectra is represents the average of 10 scans.
UV Thermal Denaturation
UV thermal denaturation samples (1 mL) of TAR RNA (1 µM/strand) performed with DPA51 and neomycin were mixed with the ligand (1 or 2 molar equivalents) in 100 mM KCl, , 10 mM SC, 0.5 mM EDTA, pH 6.8 and incubated for 4 h at 4 o C before starting the experiment. The UV thermal denaturation spectra of the samples in 1 cm path length quartz cuvettes were recorded at 260 nm as a function of temperature o C, heating rate: 0.3 o C/min). First derivative plots were used to determine the denaturation temperature (T m ). All UV spectra were recorded on a Cary 100 Bio UV/Vis spectrophotometer equipped with a thermoelectrically controlled 12-cell holder. Spectrophotometer stability and λ alignment were checked prior to initiation of each thermal denaturation experiment.
Ethidium Bromide Displacement Assay
A solution of ethidium bromide (5 µM, 1800 µL) was excited at 545 nm, and its fluorescence emission was monitored from 580 nm to 660 nm before and after the addition of TAR RNA. The concentration of TAR RNA was 200 nM/strand. A small fraction of ethidium bromide is bound (less than 20%) under these conditions. Additions of concentrated ligand aliquots dissolved in 100 mM KCl, 10 mM SC, 0.5 mM EDTA, pH 6.8 were sequentially added to the TAR RNAEtBr complex accounting for < 4% (v/v). Buffer conditions: 100 mM KCl, 10 mM SC, 0.5 mM EDTA, pH 6.8. Fluorescence spectra were measured on a Photon Technology International instrument (Lawrenceville, New Jersey, USA).
Nuclear Magnetic Resonance (NMR) Spectroscopy
All NMR spectra were recorded at 298K on a Bruker Avance III 850 MHz spectrometer equipped with a TCI-cryoprobe. NMR experiments were performed on samples of 500 µL volume containing 0.2-0.6 mM TAR RNA. Data were processed using NMRPipe 73 and analyzed using Sparky 74 . One-dimensional imino proton spectra were acquired using a jump-return echo sequence 75 . Imino resonance assignments were confirmed using water flip-back, WATERGATE 2D NOESY spectra (τ mix =200ms) 76 . Separate solutions of ligands (ca. 10 mM) were dissolved in NMR buffer before performing NMR titrations. Binding of TAR and TAR variants to various ligands was monitored by changes in the imino 1D NMR spectrum in the absence and presence of an increasing concentration of ligand. 
